Abstract: The use of relaxation interference in the methyl Transverse Relaxation-Optimized SpectroscopY (TROSY) experiment has opened new avenues for the study of large proteins and protein assemblies in nuclear magnetic resonance. So far, the theoretical description of the methyl-TROSY experiment has been limited to the slow-tumbling approximation, which is correct for large proteins on high field spectrometers. In a recent paper, favorable relaxation interference was observed in the methyl groups of a small protein at a magnetic field as low as 0.33 T, well outside the slowtumbling regime. Here, we present a model to describe relaxation interference in methyl groups over a broad range of magnetic fields, not limited to the slow-tumbling regime. We predict that the type of multiple-quantum transitions that show favorable relaxation properties change with the magnetic field. Under the condition of fast methyl-group rotation, methyl-TROSY experiments can be recorded over the entire range of magnetic fields from a fraction of 1 T up to 100 T.
Introduction
Nuclear Magnetic Resonance (NMR) spectroscopy is a versatile tool to study protein structure and protein motions. [1] [2] [3] [4] The progress of NMR over the last decades was made possible by the constant development of magnets with higher magnetic fields, [5] the availability of more sensitive probes, especially cryogenic probes, as well as countless innovative methodological developments. A major breakthrough for the investigation of large biomolecules has been the introduction of Transverse Relaxation-Optimized SpectroscopY (TROSY). [6] In the 15 N-1 H spin pair present in peptide bonds, the TROSY effect relies on the selection of a coherence with destructive interference between the chemical-shift-anisotropy (CSA) and dipole-dipole (DD) relaxation mechanisms, [7] [8] [9] leading to a dramatic decrease of the transverse relaxation rate. [6, 10] The improvement in resolution and sensitivity has made possible the study of large biomolecular systems up to about 1 MDa. [11] Side-chain methyl groups are also excellent probes to investigate the structure and dynamics of proteins as they are well spread over protein sequences. [12] They give information about protein-ligand or protein-protein binding pockets, as well as the hydrophobic core of proteins where they act as an entropy reservoir. [13, 14] Their motions are sensitive to the surrounding environment making them good probes for dynamic properties at specific positions of the protein. [15] [16] [17] Relaxation interference also gives rise to a TROSY effect in methyl 13 C 1 H 3 groups in macromolecules.
Tugarinov et al. [18] described the Heteronuclear Multiple Quantum Coherence (HMQC) experiment and associated methyl-TROSY effect using two main assumptions: the slow-tumbling approximation and infinitely fast methyl-group rotation. The slow-tumbling approximation is suitable to describe relaxation properties in high molecular-weight proteins on high-field magnets (10 to 25 T). The rotation of methyl groups can be considered infinitely fast since it is much faster than the slow global tumbling of large proteins. Under these assumptions, the contributions of all intra-methyl DD couplings for the relaxation of the central line of the triplet are exactly zero in an HMQC experiment. [18, 19] This major discovery hand in hand with the development of schemes for protein 13 C 1 H 3 labeling at specific positions [20] [21] [22] opened new perspective to study high-molecular weight proteins with NMR [23] as was shown by several studies of large molecular machines, such as the proteasome [24] or a 1 MDa-chaperone. [17] Is the methyl-TROSY effect preserved beyond the current range of high magnetic fields? We have recently recorded a two-field Heteronuclear Zero Quantum Coherence (2F-HZQC) experiment on U-[ 2 H, 15 N], Ile-δ 1 [ 13 CH 3 ]-ubiquitin. [25, 26] This experiment combines detection at 14.1 T and evolution of multiple-quantum coherences at 0.33 T by using a 2-field spectrometer. [25, 27] Narrow linewidths were obtained in the indirect low-field dimension suggesting a TROSY effect at low field, well outside the slow-tumbling regime. Understanding this observation requires a formal description of methyl group relaxation in all motional regimes.
Here we propose a general analysis of the relaxation properties of zero-and double-quantum (ZQ and DQ) coherences in methyl groups, which goes beyond the main hypotheses of the original methyl-TROSY work: slow-tumbling and fast methyl rotation. A formal analysis shows that the free evolution of multiple-quantum coherences occurs in a subspace of the Liouville space of dimension 4. Slowly relaxing components are predicted to exist in this subspace for arbitrary values of the magnetic field. At high fields, two coherences relax slowly, which, as expected, correspond to the central transitions of the MQ triplet. Numerical calculations of relaxation rates show that the calculated linewidths using our approach are in good agreement with experimental linewidths at both high and low fields. At very high magnetic fields, which are expected to be accessible in the future, we find that the interference between the chemical shift anisotropy and the sum of dipolar couplings leads to favorable relaxation properties for zero-quantum coherences that correspond to one of the outer lines of the triplet. This work provides a theoretical foundation for the development of methyl-TROSY experiments outside of the current range of high-field biomolecular NMR: in low-field NMR, [28] possibly in combination with hyperpolarization methods, in two-field NMR, [25, 27] or at very high fields, already accessible with hybrid magnets. [29] 2 Methods
NMR spectroscopy
Experiments were performed on a 600 MHz Avance III NMR spectrometer, equipped with a two-field system apparatus [27] shuttling the sample between 14.1 T and 0.33 T. The high-field center is equipped with a TXI ( 1 H, 13 C, 15 N) probe. The average shuttling time per transfer is 120 ms. The low-field part of the two-field experiment which will be simulated later is shown in Fig 1. a. The details of the 2F-HZQC experiment can be found in [25] . Experiments were performed on 1.5 mM specifically labeled U-
13 CH 3 ]-ubiquitin at pH 4.5 in 50 mM AcAc (expressed and purified as detailed in [25] ). The 2F-HZQC sepctrum is shown in Fig. 1 .b.
Relaxation theory
Analytical and numerical calculations have been performed using Mathematica [30] with SpinDynamica package [31] to generate the appropriate operators, and taking advantage of the analytical approach proposed by I.Kuprov et al. to implement the BRW theory. [32] The geometry of the methyl group was assumed to be tetrahedral, with the C-H bond length r CH = 1.105Å and the angle sustended by the C-C [25] for details). All pulses are applied along the x-axis unless specified otherwise. The phases are cycled as φ 1 = x, −x, φ 2 = 4{x}, 4{y} and φ 3 = 2{x}, 2{−x}, 2{y}, 2{−y}. The phase cycling ensures that the spin system evolves under ZQ coherences during τ 1 = (τ 0 + n 1 ∆t 1 )c and τ 5 = τ 0 c and under DQ coherences during τ 2 = (τ 0 + n 1 ∆t 1 )(1 − c), 
Simulation of the HZQC spectrum
Relaxation The propagator for an evolution of the spin system during the period τ = τ 1 + τ 2 + 2τ 3 + τ 4 + τ 5 , times τ i defined in Fig. 1 .a, at low field is (without considering the chemical shift evolution):
whereR ZQ (resp.R DQ ) is the relaxation matrix superoperator in the zero-and double-quantum operator bases B ZQ (resp. B DQ ) basis (vide infra), U the matrix accounting for the effect of the simultaneous π-pulses:
outer,2 },Ĥ J accounts for the scalar coupling:
with J the scalar coupling constant, set to 130 Hz, and F ZD the bijection function from B ZQ to B DQ accounting for the first and third proton π-pulses: Figure 2 : Description of the methyl-TROSY multiple-quantum spectrum and associated spin transitions. a. Energy level diagram of a 13 C 1 H 3 spin system using symmetry-adapted states for the point group C 3 .
In the state labels, the first spin state corresponds to the 13 C nuclear spin, and the others to the three 1 H spins i.e. each spin state can be written as |CH 1 H 2 H 3 where C and H i refer to the spin states of the carbon and proton i respectively (either α or β). Each state is associated with a number in order to simplify the description. Transitions of interest have been highlighted with solid (resp. dashed) arrows for the ZQ (resp. DQ) coherences. Transitions giving rise to the outer (resp. central) component of the triplet are colored in blue (resp. orange). b. Simulated multiple-quantum methyl-TROSY triplet showing the contributions from the outer and central lines.
The expected value at the end of the low field evolution is obtained by:
where ρ 2ĈyĤy→B ZQ is the projection of the operator monitored during the evolution period 2Ĉ yĤy on B ZQ and the superscript T refers to the transpose operation:
Detection The entire spectrum was simulated by including the chemical shift evolution, with the same sweep width and number of points as in the recorded 2F-HZQC to provide a reliable comparison. Both simulated and measured spectra were processed with the same parameters for zero-filling. No apodisation function was used in the indirect dimension. The individual free induction decays were simulated and fast Fourier transformation was applied using the Python scipy.fftpack library. Spectra were created using the Python nmrglue library. [33] All extracted slices were further normalized independantely to the maximum peak intensity. Table 1 : Single-transition operator basis used for the study of the relaxation properties of ZQ and DQ coherences. The numbers in the bra and ket refer to the states as shown in Fig. 2 .
3 Theoretical framework
Spin system
Many studies have focussed on the relaxation properties of an H 3 and 13 C 1 H 3 spin systems. [34] [35] [36] [37] [38] [39] [40] Here, we consider a 13 C 1 H 3 spin system of an isolated methyl group for which tetrahedral geometry is assumed, that is the carbon nucleus occupies the center of a tetrahedron, three corners of which are occupied by the protons. This nuclear spin system is characterized by sixteen energy levels, direct product of the spin states of a 13 C spin with a 1 H 3 spin system. Mathematically, the relevant symmetry group to describe this system of three protons is the alternating group A 3 .
[41] The point group C 3 is isomorphic to A 3 and more commonly used when refering to symmetry properties in physical sciences. An equivalent theoretical description could be built on the irreducible representation of the point group C 3v . The energy levels are then separated into two manifolds based on their spin quantum number: A (I = . A schematic representation is shown in Fig. 2 .a where the Zero Quantum (ZQ) and Double Quantum (DQ) coherences are highlighted in solid and dashed arrows respectively.
Operators
We will use the following convention: in the abscence of indices to 1 H operators, the sum over the three protons is implicit, i.e. for which: i) the point group is C 3 (i.e., the operators are unchanged by a circular permutation of the three protons) and ii) the coherence orders are m C = +1 and m H = -1 for ZQ transitions, and m C = +1 and m H = +1 for DQ transitions has dimension five. All transitions are shown in Fig. 2 .a. As explained below, defining the sums and the differences of the transitions in the E-manifold allows a size-reduction of the basis to four terms. A suitable basis for the study of the considered single-transition operators expressed in terms of the transitions shown in Fig. 2 .a is presented in Table 1 . The expansion of the two considered multiple-quantum transition operators in the respective bases defined in Table 1 is: The single-transition operators ZQ ∆E = (|13 11| − |14 12|)/ √ 2 and DQ ∆E = (|15 9| − |16 10|)/ √ 2 need not to be included in the basis, as they are found to be in independent subspaces for the evolution analysed here: they do not contribute to the expansion of the studied ZQ and DQ transitions and they do not cross-relax with the other terms. In the slow-tumbling approximation, the methyl-TROSY spectrum can be studied using two singletransition operators, equivalent to those described by Tugarinov et al. [18] for the description of the central and outer lines of the triplet ( 
Relaxation mechanisms
Nuclear spin relaxation is described using the Bloch-Redfield-Wangsness (BRW) relaxation theory, comprehensive descriptions of which can be found elsewhere. [42] [43] [44] [45] [46] Calculations were performed using the framework of SpinDynamica. [31] We considered the three 1 H-1 H and three 13 C-1 H DD interactions, as well as the 13 C-CSA interaction, when mentioned.
Spectral density functions
To take into account the methyl rotation around its symmetry axis, the model-free approach [47] has been modified to include three types of motions, considered to be uncorrelated: the global tumbling, motions of the methyl symmetry axis occuring on the nano-to sub-nano second time scales, [48] and the rotation of the methyl group, resulting in a correlation function similar to a form previously introduced for methyl groups: [49] 
where ω is the Larmor frequency, effective correlation times are expressed as τ
2 ) stands for the Lorentzian function. This spectral density function will be used throughout the text, unless otherwise specified. For the sake of simplicity a compact notation is used in the rest of the manuscript. Spectral density functions are labeled with indices referring to the auto-and cross-correlated interactions following a notation suggested by Werbelow and Grant. [34] Notations used for the spectral density functions and values of S 2 m (θ ı,  ) and P 2 (θ ı,  ) are listed in Table 2 . In the hypothesis of an infinitely fast methyl rotation (IFR) the last two terms in Eq. 10 vanish, leading to the spectral density function
Importantly, under the infinitely fast methyl rotation approximation, the dependence on the relative orientation of all interactions vanishes, leading to J HCH = J CH and J HHH = J HH which is important for relaxation interference (see below). Finally, the slow-tumbling approximation implies J (ω) = 0 for ω = 0. Tugarinov et al. used a simpler form of spectral density function adapted to slow tumbling for the overall rotational diffusion and Infinitely Fast Internal Motions (IFIM), in which all internal correlation times are zero: [18] 
In the analysis presented here, the following parameters S 2 f = 0.5, τ c =10 ns, τ f =100 ps and τ met =5 ps will be used, if not specified otherwise. [16] Introducing the additional correlation time τ f for internal motions does not change the general features of methyl TROSY. Supplementary Material contains results for calculations performed using a correlation time typical for a large macromolecule: τ c =100 ns.
Methyl-TROSY at high field
In the absence of the proton refocusing pulse during the indirect evolution period of the HMQC pulse sequence, the coupling between the evolving 13 C-1 H spin pair and the passive 1 H-1 H spin pair leads to a triplet arising from the different spin states of the passive protons ( Fig. 2 .b). The central line of the triplet is much sharper than the outer lines (for a detailed description of the HMQC spectrum, see [18] are not equal due to different cross-correlated contributions depending on J HCH and J HHH . Using the slow-tumbling approximation, we only retain terms of the spectral density function evaluated at 0 frequency, leading to:
As explained in the previous section, under infinitely fast methyl rotation, the spectral density functions for auto-and cross-correlation are equal, J CH = J HCH and J HH = J HHH , so that:
The complete cancellation of the relaxation rate of the central line arises from the combination of two approximations: slow-tumbling and infinitely fast rotation of the methyl group. A similar cancellation of auto-and cross-correlated relaxation terms is responsible for the existence of long-lived nuclear spin states in methyl groups. [40] Introducing the spectral density function J IF IM M F M (Eq. 12), we obtain: Table 2 , we obtain the same expressions as reported in [18] : 
The relaxation rate of the outer lines calculated using the general expression R gen MQ,outer (Eq. 13) and in the slow-tumbling approximation R ST MQ,outer (Eq. 14) calculated using the spectral density function J M F M compare well for magnetic fields higher than 5 T, both of them being independent of the magnetic field and proportional to the global tumbling correlation time τ c (Supplementary Material Fig. S1 .a Material Fig. S2.b) , thus reproducing the expected behavior predicted by the slow-tumbling approximation. These calculations show that in the frame of the operator expansion introduced by Tugarinov et al. [18] (Eq. 8), the slow-tumbling approximation allows an accurate description of the relaxation rates of the triplet at moderate and high magnetic fields. However, using this operator expansion, calculation of the relaxation rate of the central line of the triplet shows a rapid increase of R gen MQ,central at low magnetic fields (Fig. 3) . Such an increase is in contradiction with the favorable relaxation properties of multiple-quantum coherences at 0.33 T in the 2F-HZQC experiment recorded on a sample of U-
MQ,central is calculated without making the initial hypotheses of slow-tumbling and infinitely fast rotation of the methyl group, this discrepancy between theory and experiment cannot be attributed to the expression of the spectral density function but to the expansion of operators employed. In the following section, we will show that the expansion of operators introduced in the theoretical framework section allows us to understand the relaxation properties of MQ coherences at low magnetic fields.
5 Methyl-TROSY beyond the slow tumbling limit
Definition of a suitable basis
So far, calculations were done using an expansion of the single-transition operators between those contributing to the sharp central line, and those contributing to the broad outer lines of the triplet. Here, we suggest to calculate independentely the relaxation properties of each single-transition operator in order to identify slowly relaxing components. Suitable bases for the expansion of the 2C + H − and 2C + H + coherences are presented in the theoretical framework section (Table 1 and Eq. 7).
Identification of a slowly relaxing term in the new operator basis
The contribution of the carbon- This shows that the combined operators approach [18] is still valid at relatively low magnetic fields for high molecular-weight proteins. Taken together, these results suggest that the Methyl-TROSY effect is retained at low fields for only one of the two single-transition operators that contribute to the central line of the triplet, while both single-transition operators relax slowly at high field.
Cross relaxation between and within the lines
In order to describe the relaxation of methyl groups comprehensively, we studied the cross-relaxation pathways related to the slow-relaxing terms. This requires a full treatment of the relaxation matrix in the considered basis, and is essential to ensure that the single-transition operators considered above are good approximations of the eigenvectors of the relaxation matrix. Two types of cross-relaxation pathways have to be considered: cross-relaxation between the slowly relaxing single-transition operator of the central line and the fast relaxing single-transition operator of the central line (intra-line transfer) or cross-relaxation between the central line of the triplet and the outer lines (inter-line transfer). Percentage of intra-and inter-line cross-relaxation with respect to the auto-relaxation of the M Q ΣE central operators are shown in Fig. 5 . Inter-line cross-relaxation rates appear as non-secular in the interaction frame of 13 C-1 H scalar coupling interactions (they oscillate at the angular frequency 2πJ with J the scalar coupling constant). Thus the predicted cross-relaxation rates with the single-transition operators contributing to the outer lines of the triplet (blue curves in Fig. 5 ) have no effect on the relaxation of the term contributing to the central line. On the other hand, intra-line cross-relaxation is always secular. At high field (higher than 5T) cross-relaxation has no effect as the A-and E-manifold central coherences have the same relaxation rates (Fig. 4) . At low fields (lower than 1 T), the ZQ Fig. 5.a) . The intra-line cross-relaxation rate represents 5 to 15% of the auto-relaxation rate in the DQ case (Fig. 5.b) , and may have a small effect on the decay of the polarization. Interestingly, intra-line cross-relaxation rates are independent of the magnetic field as they only depend on spectral density function evaluated at zero-frequency (see Supplementary Material for detailed relaxation rate expressions). Moreover, the percentage of cross-relaxation is independent of the These rates are independent of the magnetic field as can be seen in the expressions in the Supplementary Material. Relaxation rates were calculated using the spectral density function J M F M . global tumbling correlation time τ c and our conclusions can be extended to large proteins.
Fast methyl rotation is important for a TROSY effect
As discussed in the previous section, the theory of methyl TROSY proposed by Tugarinov et al. is based on the hypotheses of slow tumbling of the protein and infinitely fast rotation of the methyl group. We investigated the effect of the finite speed of rotation of the methyl group on both auto-and crossrelaxation rates. Fast rotation of the methyl group is essential for favorable auto-relaxation rates as even the previously identified slowly relaxing terms have significantly higher relaxation rates for rotation correlation times τ met values larger than 1 ns, especially at low fields (Fig. 6.a and b) . At 0.33 T, the auto-relaxation rates of the operators for the central line of the triplet are mostly independendent of the correlation time τ met in the range from 0.1 ps (close to the infinitely fast methyl rotation) to 100 ps, i.e. the chosen value for the correlation time τ f (Fig. 6.c) . This correlates with a higher loss of polarization through intra-line cross-relaxation as the slow and fast relaxing terms are mixed rapidely (Fig. 6.d) . In agreement with the initial treatment of Tugarinov et al., a fast rotating group on the pico-second to few tens of pico-second time scales ensures an efficient methyl-TROSY effect at high fields as well as the ability to record a methyl-TROSY spectrum at low magnetic fields (below 1 T). The same conclusions can be drawn for larger proteins (Supplementary Material Fig. S4.c-f ). In the case of protein NMR, isoleucine is a favorable methyl group-bearing residue with low energy barriers for methyl group rotation. [16] The rotation of the methyl group in alanine can be significantely affected by interactions with the protein backbone, leading to a higher τ met . [53] Hence, signals from 13 C 1 H 3 groups in alanine side-chains are expected to be broader than signals of isoleucines, or even leucines or valines.
What happens at very high fields
The contribution of the chemical shift anisotropy to relaxation is negligible at the low fields considered so far. CSA contributions to the relaxation of MQ transition operators increase with the magnetic field. At the highest currently commercially available magnetic field (B 0 = 23.5 T), this contribution to relaxation is not negligible but still small. We have investigated how relaxation due to the CSA interaction would alter HMQC spectra of methyl groups at magnetic fields that will be commercially available in the future (B 0 > 25 T). As discussed above, the proton CSA is neglected. The contribution of the chemical shift anisotropy leads to a small but significant increase of the autorelaxation rates for the single-transition operators of the central line ( Fig. 7 and Supplementary Material Fig. S4 .g-h). Such increase is expected moderately deteriorate the quality of HMQC spectra. By contrast, the relaxation rates of the outer lines of the triplet change dramatically with the magnetic field in both the ZQ and DQ cases. When the magnetic field increases, if the passive spins ( 1 H) are in the α state (operators MQ A outer,1 ), auto-relaxation rates decrease for ZQ transition operators but increase for DQ transition operators. On the other hand, when passive protons spins are in the β state (operators MQ A outer,2 ), the auto-relaxation rates increase for ZQ transition operators but decrease DQ transition operators. The magnetic-field variation of relaxation rates is dominated by the interference between the 13 C-CSA and the 1 H-1 H DD interactions. The additional 13 C-CSA/ 13 C-1 H DD cross-correlated contribution leads to a stronger field-dependence of relaxation rates for DQ transition operators than for ZQ transition operators as can be infered from analytical expressions (Supplementary Material, remembering that J CCH and J CCHH are negative at all magnetic fields). The overall effect of CSA/DD cross-correlated relaxation leads to a crossing of the field-dependence of relaxation rates for ZQ transition operators at very high fields: the single-transition operators ZQ A outer,1 (passive spins in α state) becomes the single-transition operator with the smallest auto-relaxation rate for magnetic fields higher than ca. 55 T (2.3 GHz). For the central line, the sum of the CSA/DD cross-correlations vanishes so that the field variation of CSA constributions to relaxation is only due to the auto-correlation (see Supplementary Material for expressions of relaxation rates). For large proteins at very high fields, recording a HZQC spectrum [26] on the ZQ The cross-sections from the experimental spectra (blue) are compared with a simulation using the complete expansion of the basis (red) and using the previously reported expression of relaxation rate R gen MQ,central (green). Each cross-section of each spectrum is normalized independently so that maximum intensities are identical.
based on cancelation between CSA and DD contributions to relaxation. This prediction suggests that transverse relaxation-optimized spectroscopy due to CSA/DD interference should be investigated in aliphatic groups at fields B 0 >25 T.
Two-field HZQC analysis
We have recently introduced two-field NMR spectroscopy, where different parts of a pulse sequence take place at different magnetic fields. [25, 27, 54] These experiments were carried out on a two-field NMR spectrometer that consists of two magnetic centers operating at 14.1 T and 0.33 T, coupled by a sample shuttle. [27, 55] In particular, we have recorded two-dimensional spectra of small molecules with indirect evolution at 0.33 T and direct proton detection at 14.1 T. [27] High-resolution spectra were obtained, in spite of residual field inhomogeneities, by exploiting the favorable properties of zeroquantum coherences which are insensitive to magnetic field inhomogeneity. In the case of heteronuclear spin systems, additional tailoring of effective Hamiltonians was necessary to obtain full compensation of B 0 inhomogeneities. In this two-field heteronuclear zero-quantum coherence experiment (2F-HZQC) the density operator that evolves at 0.33 T is partly 1 H-13 C zero-quantum coherence, partly 1 H-13 C doublequantum coherence. In order to ensure the full cancellation of magnetic field inhomogeneity, the evolution is tailored by π-pulses to obtain an effective propagator equal to:
with γ i the gyromagnetic ratio of nucleus i of offset Ω i , t 1 the increment in the indirect dimension and in 1 the increment giving t = in 1 t 1 . At the end of the evolution at low field ( Fig. 1.a) , ZQ coherences are selected by phase cycling. Importantly, the selected ZQ terms have evolved half of the time as ZQ and half of the time as DQ coherences to simultaneously scale the 1 H and 13 C offsets and suppress the evolution due to spin-spin scalar couplings. It allows the correlation between ZQ 13 C-1 H coherence at 0.33 T and single quantum proton coherence at 14. Fig. 1.b) . [25] In order to confirm our treatment of methyl group relaxation during multiple-quantum evolution, we simulated the spin evolution (relaxation, chemical shift and scalar coupling) at the low magnetic field center (B 0 =0.33 T) and calculated the corresponding spectrum. We used a spectral density function that accounts for the global tumbling of the protein (correlation time τ c ), the methyl group rotation (order parameter S 2 m and correlation time τ met ), and two modes of motion of the C-C bond within the protein: fast (order parameter S 2 f and correlation time τ f ) and slow (order parameter S 2 s and correlation time τ s ). The spectral density function is written as:
using the same definition as above. The values of the motional parameters for the isoleucine-δ 1 methyl groups of ubiquitin used in the simulation of the spectrum were obtained in an independant study [16] based on high-resolution NMR relaxometry of U-
-ubiquitin and are reported in Supplementary Material Table S1 . Cross-section of the 2F-HZQC along the carbon dimension and simulated spectra are shown in Fig. 8 .a and Supplementary Material Fig. S5 . Using a single relaxation rate R 
Conclusion
A general analysis of the relaxation properties of zero-and double-quantum coherences in methyl groups has been described, without invoking two key hypotheses of the original methyl-TROSY work: [18] slow tumbling and fast methyl rotation, which are appropriate for large macromolecules at high fields. Symmetry considerations show that the free evolutions of ZQ (or DQ) coherences occur in a subspace of dimension 4. A numerical analysis shows that one component of this subspace relaxes slowly at all magnetic fields where the Redfield treatment of relaxation is valid. At high field, two operators relax slowly and correspond to the central lines of the methyl triplet. Analytical calculations with our model are then equivalent to the conventional methyl-TROSY theory. At low field, that is, where the slow tumbling approximation is not valid anymore, a single component relaxes slowly, preserving the methyl-TROSY effect for a third of the polarization. A detailed analysis of the spectral density functions that describe relaxation properties of the multiple-quantum coherences confirmed that the TROSY effect is optimal only under fast rotation of the methyl group from the pico-to few tens of pico-second time scales. This limits optimal TROSY conditions to un-constrained methyl groups with a free rotation around the symmetry axis. This particularity may hinder the observation of some conformationally constrained methyl-groups. Our comprenhensive approach shows that CSA/DD cross-correlated relaxation leads to more favorable relaxation properties for one component of the outer lines of the triplet at very high fields. At these magnetic fields, recording a HZQC using the cancellation effect brought by CSA/DD cross-correlation will lead to a new type of methyl TROSY. This new development sheds light on the 2F-HZQC experiment performed on U- 
8.2 Expressions of relaxation rates in the double-quantum subspace f. Evolution of the intra-line cross-relaxation rates as a function of the methyl-group rotational correlation time τ met . Magnetic-field dependence from 25 to 100 T of the auto-relaxation rates of the coherences contributing to the central and outer lines of the triplet in the bases (g) B ZQ and (h) B DQ . Relaxation rates were calculated using the spectral density function J M F M and the same dynamic parameters as detailed in the main text, except for τ c = 100 ns. from the experimental spectra (blue) are compared with simulations using our approach (red) or using the previously reported expression of relaxation rates for the central lines of the triplets (green). All cross-sections are normalized independently so that all spectra have the same maximum intensity.
Cross-relaxation rates
R(DQ A outer,1 ↔ DQ A outer,2 ) =R(ZQ A outer,1 ↔ ZQ A outer,2 ) R(DQ A outer,1 ↔ DQ A central ) = √ 3 4 d 2 CH J CH (ω H ) + √ 3 2 d 2 CH J HCH (ω H ) + √ 3 2 d CH d HH [2J CHH (ω H ) + J CHHH (ω H )] R(DQ A outer,1 ↔ DQ ΣE central ) = 3 4 √ 6 d 2 CH [J CH (ω H ) − J HCH (ω H )] + 9 4 √ 6 d 2 HH [J HH (ω H ) − J HHH (ω H )] + 3 √ 6 d CH d HH [J CHH (ω H ) − J CHHH (ω H )] R(DQ A outer,2 ↔ DQ A central ) =R(DQ A outer,1 ↔ DQ A central ) R(DQ A outer,2 ↔ DQ ΣE central ) =R(DQ A outer,1 ↔ DQ ΣE central ) R(DQ A central ↔ DQ ΣE central ) = √ 2 3 d 2 CH [J CH (0) − J HCH (0)] + 3 4 √ 2d 2 HH [J HH (0) − J HHH (0)] − √ 2d CH d HH [J CHHH (0) − J CHH (0)]
